Evidence for magnetic field reconnection at the Earth's magnetopause by Asbridge, J. R. et al.
  
 
 
N O T I C E 
 
THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 
https://ntrs.nasa.gov/search.jsp?R=19810012108 2020-03-21T13:18:36+00:00Z
SNASA
—CR-164066) EVIDENCE FOR MAGNETIC
	 N81-20637FIELD RECONNECTION AT THE EAR'TH'S
HAGNETOPAUSE (Dartmouth coLl.) 78 p
11C A 05/11F A01
	 CSCL 04A
	 unclas
G3/46 18942
EVIDENCE FOR MAGNETIC FIELD RECONNECTION AT THE EARTH'S MAGNETOPAUSE
B.U.U. Sonnerup l) , G. Paschmann 2) , I. Papamastorakis 2) , N. Sckopke2),
G. Haerendel 2) , S.J. Bame3) , J.R. Asbridge 3) , J.T. Gosling 3) , and
C.T. Russell4)
20 January 1981
(1) Dartmouth College, Hanover, N.H. 03755, USA
(2) Max-Planck-I, ,_W tut fur Physik and Astrophysik, Institut fur
extraterrestrische Physik, 8046 Garching, W-Germany
(3) -Los Alamos Scientific Laboratory, Los-Alamos, N.M. 87545, USA
(4) University of California at Los Angeles, Institute of Geo-
physics and Planetary Physics, Los Angeles, CA 90024, USA
.x
tA
	
-1—
ABSTRACT
Eleven passes of the ISEE satellites through the frontside terrestrial
magnetopause (local time 9 -'17  h; GSM latitude 20 - 430 N) have been
identified, where the plasma velocity in the magnetopause and boundary
laver was substantially larger than in the magnetosheath. This paper
examines the nature of°the plasma flow, magnetic field, and energetic-
particle fluxes in these regions, with a view to determining whether the
velocity enhancements can be explained by magnetic-field reconnection.
The principal question is whether the observed difference in tangential
plasma velocity, Av , between a point in the magnetopause or boundary
layer and a reference point in the adjacent magnetosheath, had the
k
f	 direction and magnitude,Ovtheory
	
produced'by the Maxwell stresses in
E
the magnetopause, assuming that the magnetosheath plasma moved across
that boundary. Except for its sign, dvtheory is shown to be independent
of the normal magnetic field component B n and flow component v n . For
r	
-the 11 cases, the average ratio (ov;l1LvItheory was in the range
	
—	 -- 
0.6 - 1.2, with a composite average of 0.8. The average angular error
was < 25°, with a composite average of 10°. The plasma results would
require 10 of the crossings to have been located north of the reconnection
line (Bn < 0), and one (at 2.40 N lat.) south of it (B n > 0) . The Bn
values obtained from minimum-variance analysis of the magnetic data were
mostly poorly determined, but in general their signs were consistent with
the plasma results. The '3ow velocity across the magnetopause was also
poorly determined but it had a negative (inward) composite average as
expected. In several cases energetic magnetospheric particles with the
proper flow anisotropy, and, in one case, reflected magnetosheath particles,
i
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were observed outside but adjacent to the magnetopause. All of these
results support the reconnection hypothesis. The energetic particles were
also used to identify the outer separatrix surface. In one case, it was
possible to conclude from its location relative to the magnetopause that
the reconnection site was in the vicinity of the equatorial plane and not
in the cusp. The electric field tangential to the magnetopause is inferred
to be in the range 0.4 . - 2.8 mV/m.
._3_	 .
1. INTRODUCTION
Ever since its introduction into magnetospheric physics by Dungey (1951),
the concept of magnetic field reconnection has played a central role in most
attempts to provide a unified theoretical framework upon which to place a
multitude of observations relevant to the large-scale dynamics of the mag-
netosphere (e.g,, Word, 1969). Yet the process itself has remained some-
thing of an enigma, and the subject of considerable controversy (Heikkila,
1975; Alfvbn, 1976), fueled, in part by claims of a lack of direct and in-
controvertible observational evidence for its occurrence, in part b^,# objec-
tions to the mode of description ("moving field lines") and analysis (MHD)
of the process, leading some to conclude that the process is an encumbrance
rather than an aid in understanding'magnetospheric physics, and in part by
questions concerning the real nature of reconnection and the parameters
that influence
 ,i is occurrence and efficiency.
The first source of controversy is the principal subject of this paper.
Specifically, we shall use plasma, magnetic field, and energetic particle
data from the ISEE mission to present direct and powerful, if not incontro-
vertible, evidence for the occurrence of reconnection at the magnetopause.
The primary evidence consists of observations of high speed plasma in the
magnetopause and boundary layer and of a demonstration that the observed
plasma velocities are in approximate quantitative agreement with the pre-
dictions of the reconnection model. A brief report on one event has been
given earlier (Paschmann et al , 1979, hereafter referred to as paper 1).
In the present paper we examine ten more cases, using the same basic approach
as in paper t, but with the added use of higher energy particles and
reflected particles to provide independent evidence concerning the field
line topology near the magnetopause,
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For the most part, we shall not get embroiled in the second controversy,
that concerning the terminology and approach used in discussing and analyz-
ing reconnection. However, two observations on this matter are in order.
First, reconnection can br dafined in a manner that does not involve
"frozen-fields" or MHD terminology: reconnection occurs when an electric
field is present along a magnetic separator (X-line, reconnection line) in
a plasma. Thus, the fact that most theories of reconnection have used the
4
MHD approach and associated language, does not necessarily mean that the
process exists only in the minds of those using the MHD approach. It can
be discussed, albeit at some i-nconvenience, without the use of phrases,
r^
such as "moving field lines" or "magnetic flux transfer". The name
"reconnection" itself does, of course, have its roots in the frozen-field
concept, but those who find it offensive may use the more innocuous term
k
"merging"without creating communication difficulties. Second, we shall
demonstrate that certain predictions of simple MHD reconnection models,
specifically the occurrence of plasma acceleration at the magnetopause,
r	 are borne out by the observations to be presented here. While these results
by no means prove that MHD offers an adequate description of all aspects
of magnetopause reconnection (it almost certainly does not), they, at
least, demonstrate that MHD models can serve as a useful guide in the
interpretation of certain basic magnetopause observations. The reason is
that MHD, after all, is based on simple conservation laws, which have
global validity even when MHD fails to provide an accurate description in
certain narrow local regions, such as the interior of the magnetopause.
The third category of controversy is concerned, not with the occurrence
or validity of the reconnection process, but with its actuFA physical
characteris-0ics. Our study has a strong bearing on some of the questions
Fr 5
raised in this area. Does reconnection as it actually occurs at the magneto-
pause ever bear any similarity to the simple two-dimensional time-indepen-
dent models used to describe it or is it dominated by three- dimensional
and/or time-dependent effects? Does magnetopause reconnection occur when-
ever the magnetosheath magnetic field turns south or are there other con-
ditions and thresholds for its appearance? How large are the •reconnection
rates? Is the reconnection site located near the equatorial plane as orig-
inally visualized by Dungey or in one (or both) of the cusps (Haerendel et
al., 1978) or perhaps elsewhere (Crooker, 1979)? Do energy transport
mechanisms such as electron and ion heat conduction or MHD waves play an
important role?
The paper is organized as follows. Sectioo 2 contains a review of the
simple reconnection model with which the data will be compared.. Section 3
lists and discusses a number of theoretical predictions and tests. The
instrumentation and data reduction are discussed in Section 4. Section 5
contains the main presentation of the observations. In this section, time
records of sample crossings are shown and discussed; the tests developed
in Section 3 are applied (data selection criteria for these tests are given
in the Appendix); and a discussion of our predictions concerning the
magnitude of the reconnection electric field is given. Finally, Section 6
contains a summary and discussion of the results.
2. THE RECONNECTION PROCESS
For detailed reviews of the reconnection process the reader is referred
to the papers by Vasyliunas (1975) and Sonnerup (1979). I'n this section,
we summarize those aspects of reconnection that are important for our data
interpretation. The MHD reconnection model with which we shall compare the
4
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ISEE observations was proposed by Levy et al. (1964) (see also Retschek
(1966) and Yang and Sornerup (1977)). It is a steady-state two-dimensional
geometry in which the magnetopause appears as a rotational discontinuity
("intermediate wave") having a finite normal magnetic field component Bn
so that the magnetosheath and magnetosphere field lines are connected across
the magnetopause in the manner shown in Figure la. The reconnection site in
that figure is the line (separator, or X •line) in the equatorial plane (i.e.
perpendicular to the plane of the figure) where two magnetic field surfaces,
referred to as the separatrices, intersect each other, implying a null in
the field. These surfaces have topological significance in that they
separate regions in which the magnetic field lines have two feet, one foot,
and no feet, on the earth.
In Figure la, magnetosheath plasma is imagined to move to the right
toward the magnetosphere. Most of .L flows around the obstacle but a frac-
tion crosses the magnetopause as a result of the presence of the normal
field B
 . This component is negative, i.e. directed towards the earth,
north of the separator, and positive south of it. The theory of the rota-
tional discontinuity indicates the normal flow speed to be the Alfven speed
based on B  . The flow is not field-aligned but takes place along stream-
lines, shown as dashed lines in Figure la, which cross the magnetic field.
SULh cross-field flow requires the presence of an electric field E t ,
tangential to the magnetopause, and along the separator. Thus, according
to the definition given in the introduction, reconnection occurs at that
line. It may be shown that Et is proportional to the magnitude of the
normal magnetic field component Bn.
The reconnection electric field Et
 is also seen to be aligned with the
Chapman-Ferraro magnetopause current I so that Et I > 0 . Such a
rs	 7 •
situation implies the conversion of electromagnetic energy into other
it
^tt	 forms, presumably plasma energy. In the present MHD model this energy is
carried away in high-speed plasma jets flowing away from the reconnection
site 'in two wedge-shaped regions attached to the inside of the magneto-
pause and with vertices at the separator. It is important to note that
only a minute fraction of these jets, namely the layer closest to the
earth, contains magnetosheath plasma that has passed through the region
immediately adjacent to'the reconnection site, the so-called diffusion
region. Most parts of the jets are populated by plasma that has crossed
the magnetopause away from the diffusion region, and in doing so, has been
accelerated by the I x 
'n 
force, It is evident from Figure 1 that the
acceleration is tangential to the magnetopause and directed away from the
reconnection site. These jets are the principal feature of the reconnection
process with which this paper is concerned. And it was the absence of
observations of such high-speed plasmas that led Heikkila (1975) to con-
elude that reconnection does not occur at the magnetopause, while
Haerendel et al. (1978) circumvented this conclusion by suggesting the
polar cusps as the reconnection site. Heikkila described the situation as
an energy crisis. But more fundamentally it is a tangential momentum
crisis,for without changing the plasma momentum at the magnetopause there
can be no I x Bn force, i.e., Bn r,1fst be zero. And without finite Bn
there is no recouiection.
The flow speed in the plasma jets is independent of the magnitude, E t ,
of the reconnection electric field, If Et is small, the jets are narrow
and entail a small total particle flux. The plasma ions in the jets have
picked up their energy by drifting a substantial distance along 
It 
as
they crossed the magnetopause. This large drift displacement occurs be-
g
	 i
cause 
8  is small. As Et , and with it B  ,increases, the wedge angle
and particle flux increase, and the ion drift displacement along Et
decreases, but the ions gain exactly the same amount of energy as before.
For conditions expected at the magnetopause, the jets are very narrow:
up to a distance (along the magnetopause) of 2-3 R E from the separator,
their width should remain comparable to the magnetopause thickness (e.g.,
Yang and Sonnerup, 1977). For this reason plasma data with high time
resolution are needed.
A schematic of the type shown in Figure la is incomplete in that it
assumes the magnetosheath field to be exactly antiparallel to the earth's
field in the equatorial plane, which is usually not the case. However, it
is believed the reconnection may proceed even if the magnetosheath magnetic
field has a By
 component. This is a principal reason why the. magneto-
pause in this model consists of a rotational discontinuity, that being
the only one of the MHD discontinuities with B n # 0 capable of rotating
the tangential component of the magnetic field vector by an arbitrary
angle (even when By = 0 in the magnetosheath, By # 0 is expected to
occur as part of the magnetopause structure). It is thought that a
positive By tilts the separator so that it is located south of the
equatorial plane on the prenoon side, north of that plane on the postnoon
side of the magnetopause; a negative By yields the opposite tilt (See,
for example, Gonzalez and Mozer, 1975). Furthermore, a tilted separator
ceases to be a magnetic null Tine but, along with the separatrices, it
retains its other topd1ogical properties. Figure lb illustrates the situa-
tion, as seen from the sun, for By > 0 . The separator may also be lim-
ited in.longitude, perhaps to a relatively narrow segment, a feature not
shown in the figure.
a
Except in unusual circumstances, a satellite crossing the magneto-
pause will not encounter the site of reconnection itself, the diffusion
region. Rather it will penetrate the current layer away from that region
and thus, according to the model-just described, it will pass through a
rotational discontinuity. On the other hand, if no reconnection takes
place, the magnetopause should be a tangential discontinuity which by
definition has Bn = 0 . Furthermore, E t should then also vanish very
nearly and at most adiffusive leakage of magnetosheath plasma should
occur across the magnetopause. In order to discriminate between the two
types of discontinuity it is in principle sufficient to establish the
presence or absence of B n . Efforts to do so by use of magnetic field
measurements alone have been reported (e.g. Sonnerup and Ledley, 1979)
and, in isolated instances, the presence of significant Bn values has
been established beyond reasonable doubt. However, for most crossings
the magnetic results alone are not convincing and for this reason it is
necessary to examine plasma data along with the magnetic data. The theo-
retical predictions upon which to base such an examination are summarized
in the next section. They are extracted from the work of Hudson (1970,
1971, 1973) concerning the jump conditions across rotational and other
discontinuities in a gyrotropic plasma.
3. THEORETICAL PREDICTIONS AND TESTS
The basic assumption underlying existing theoretical models of the
rotational discontinuity is that it can be treated as a one-dimensional
time-independent structure. When such models are compared with the actual
magnetopause it must be remembered that the structure of the latter often
has substantial two and three-dimensional features and that the situation
F
not establish how well the above inequalities are satisfied in each case.
low
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seldom, if ever, is time-independent. For this reason one should not expect
that the theoretical tests, given oelow, will ever be exactly met by 4oy
magnetopause data set. Rather, one :must judge whether the observations
agree with the theory to a sufficient degree so that one has confidence
that the latter does in fact contain the dominant physical process uperative
in the magnetopause. For the rotatir)ral discontinuity, that process is the
tangential acceleration of plasma by the I x Bn force.
A second point is that to date the rotational discontinuity has been
analyzed only in terms of the jump conditions across it. No general theory
exists that predicts its structure and thickness in a collision-free
plasma (a special case has been treated by Su and Sonnerup, 1968). For
this reason wi shall attempt to use the jump conditions between a refer-
ence point in the magnetosheath, denoted by the subscript 1, and those
points within the magnetopaose structure, as well as on the magnetospheric
side of it, at which vralid plasma measurements are available. These points
will be denoted by the subscript 2. We recognize that for sufficiently
thin structures certain additional terms which do not appear in the jump
conditions should be included in order for the equations to be applicable
to points in the magnetopause (and, because the boundary layer is very
thin, probably there also). In particular, shear stresses derived from
finite gyroradius effects, and Nall-current terms will appear. These
effects are small when a i /h << 1 or Rbi /h << 1 where X i is the ion
inertial length, Ra i the ion gyroradius, and h the magnetopause (or
boundary layer) thickness. Because the magnetopause motion relative to
the satellite is usually not well known, we cannot determine h in a
reliable manner for all of the events to be dealt with here. Thus we can-
However, on the basis of an average magnetopause thickness in the range 400-
800 km reported by Elph c and Russell (1979), it is reasonable to assume
that the correction terms, while present and perhaps even substantial, are
still sufficiently small to justify their neglect for the purposes of the
present paper. Again, the implication is that an approximate rather than
exact agreement between "theory" and observations should be expected.
As shown by Hudson (1970), the constancy of the tangential electric
field across any discontinuity, combined with the conservation of mass
flux, G = (v n - Un ), leads to the formula
8  (v2t - 11 t ) 	G (62t/p2 - glt/p 1 )	 (1)
provided the tangential electric fields at locations 1 and 2 are express-
role as
Et - =	 I(v - U  n) x Bl t 	 (2)
Here p , v_ , and B are the mass density, plasma velocity in the satellite
frame, and magnetic field, respectively. Subscripts n and t refer to
components normal and tangential to the magnetopause; the normal vector n
is directed outward from the earth. The magnetopause normal velocity
relative to the satellite is Un = 
Unl " Un2
The conservation of tangential momentum in a nonisotropic plasma may
be expressed as
G (_v 2t - _vlt )
	('n/Po) 14t, (1-a2)	 61t (1-0'1)1	 (3)
where the pressure anisotropy factor a is defined by
a = ( p ol	 P I ) 110 / B2	(4)
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p„ and p, being total plasma pressures parallel and perpendicular to
the magnetic field; u o . denotes the free space permeability. For a rota-
tional discontinuity, the vectors 
^2t 
and Bit are not colinear. In that
case, elimination of (12t - vlt) between (1) and (3) yields
r (vn -
 
U n )	 ± B  ((1	 a) / uo P) 1/2	 (5)
i.e., the normal flow speed into (subscript l) and out of (subscript 2) the
discontinuity is equal to tht Alfven speed based on the normal field compo-
nent, and corrected for the pressure anisotropy. Using Eq. (5), the conserva-
tion of mass, GI,
	 GI? = G , then yields
PI (1 -al) = P2 (1 - Q2)	 (6)
and Eqs. (1) and (3) take on the identical form
(_v	 v )	 f [P (1-a ) /u ]1/2(B /A `B /P )	 (7)2t--lt	 1	 1 0
	 2t 2 It 1
Assuming G < 0 , the positive and negative signs in (5) and (7) correspond
to B. < 0 and B  > 0 , respectively.
Equation (7) indicates that the tangential plasma velocity difference
is equal to the tangential Alfven velocity difference.
I. Tangential Component Test. Equation (1) forms the basis of the follow-
ing tests:	 Y
(Ian) If B 
	 and G are nonzero, as in a rotational discontinuity, then
all the measured difference vectors ev t
 = (K2t vlt) and
Ast/P = (B2t/P2 - Blt/Pl) for a magnetopause-crnssing should be colinear.
(Ib) Assuming plasma flow from the magnetosheath into the magnetosphere
i
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1
(G< 0) , the vectors Avvt and 4Bt/p should be consistently parallel for
crossings north of the separator where B n < 0 , and antiparallel south of
that line where B n > 0.
By use of Eq. (7) the magnitude relationship between jhvtj and
IABt/pl can also be tested observationally:
(Ic) Across a rotational discontinuity the tangential velocity difference
vectors should have the magnitude 
Ip l (1	 a1) / po)1/2 IABt/pl .
Several comments should be made about the tangential component tests
because they form the principal basis for the identification of reconnection
events in this paper. First, test (Ia) indicates that approximate colinearity
of the vectors , avt and eSt/p is a strong indication of the presence of
nonvanishing values-of B n
 and 0 . For a tangential discontinuity no
such relationship is expected. Unless B n
 and G Moth happened to change
sign together, test (Ib) indicates that persistent parallelarity or anti-
parallelarity of all the pairs of difference vectors (Ovt , oBt/p) in
a crossing means that Bn had a persistent sign during the crossing
- negative in the former case, positive in the latter. By contrast, the
convection of one or more X-lines past the sal. , rllite would lead to alter-
nating parallel and antiparallel difference vector pairs. Finally, test
(Ic) allows one to check whether the tangential velocity change across
the magnetopause has the correct magnitude to have been caused by the
I x Bn force.
	 .
A second comment is that Eq. (7) does not contain B n ,, v n , or U 
all of which are difficult to determine accurately from the measurements.
r
it
i
•	 !i
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Furthermore, the tangential components of v and, R are relatively
insensitive to the choice of the magnetopause normal vector. In fact,
Hudson (1970) has pointed out that Eq's. (1) and (7) are also valid for
the total difference vectors. w # and Q(B/p) 	 so'that no reference to
the .normal direction is needed.
Finally, note that the tests are local in nature. In other words, it is
assumed that in crossing the magnetopause the magnetosheath plasma seen at
some location inside that layer experienced the magnetopause magnetic field
structure at that latitude and longitude. Clearly, such would not be the
case for the plasma at the inner edge of the plasma jets in Figure la
which presumably crossed the magnetopause in or near the diffusion region,
i.e. far away from the satellite location. Furthermore, for extremely small
values of B
.,
	 nT , say) the drift displacement of ions crossing the
magnetopause would be sufficiently great to violate the loca' ,vpothesis.
II. Normal Component Tests. Under favorable circumstances, the magneto-
pause normal vector , n , and normal field component, B n , can be determined '
directly from the magnetic field data by use of minimum variance analysis.
In that case the following tests may be made:
(Ila) Does the sign of Bn agree with that predicted by test Ib?
(III)) Does (vn - Un )	 calculated by using the minimum variance normal
and the best estimate of U n indicate the expected inward plasma flow
across the magnetopause?
1
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(IIc) In case reasonably reliable average values are obtained for Bn
and (vn - Un ) for a crossing, is the value of the latter in satisfactory
agreement with that predicted by Eq. (5)?
Experience indicates that B n values obtained from the minimum variance
method and v n values derived by projection of measured plasma flow vectors
along n often have large uncertainties. Thus, test II can rarely be per-
. 	 ,
formed on an individual crossing. In the observation section we shall use
this set of tests with values of Bn and vn formed by averaging over
several crossings.
I1I. Topology Tests. If the magnetic field at the magnetopause does in
fact have the topology shown in Figure la then one might expect the regions
in space, outside the magnetopause but inside the outer separatrix surface,
to have signatures indicating that the magnetic field lines cross the mag-
netopause and are connected with the earth. On that basis the following two
tests arise:
(IIIa) Is there evidence of energetic (or other) ions of magnetospheric
origin in a layer outside the magnetopause, and if so, do these particle
fluxes have the expected anisotropy? In other words, do they stream in the,
direction antiparallel to B when B n < 0 (i.e., north of the separator),
parallel to B when B n > 0 (south of the separator)?
(IIIb) Is there evidence of reflection of some magnetosheath particles
M	
at the magnetopause, and if so, do these particles have the expected tan-
gential velocity change, given by
-15-
t
ev_t	 + z Btl [(1 - a l ) / lj o p l ]
1 .	 (8)
(This formula is obtained by putting a = - Btl it Eq. (7); the upper and
lower signs refer to B n < 0 and Bn > 0	 respec,ta°vrly,)
Neither of the effects dealt with in these two tests is a necessary
signature of reconnection, Cnc may imagine the process to occur without any
associated substantial Teak.	 of magnetospheric particles (except perhaps
right at the separatrix) and without any substantial reflection of magneto-
sheath particles. But when one or both effects are present, they add 	 `•
confidence to the identification of reconnection events based on Bests I
and II.
Test III has been applied by Scholer et al. (1981) to a few ISEE-1 cross-
ings. It may be noted that the region between the inner separatrix and the
magnetopause may occasionally also have energetic particle signatures
indicative of reconnection (e.g., Williams and Frank, 1980). This latter
aspect is not explored in the present paper.
Other Tests. In principle, the jump conditions across a rotational
discontinuity permit of several additional consistency tests. For example,
Hudson (1971, 1973) has shown that certain restrictions exist on permissible
anisotropies a l	 and a2 , and on 8l , the ratio of average plasma pres-
sure to magnetic pressure. Also, when heat flux effects are negligible, the
field magnitude ratio B2/B i across a rotational discontinuity can be cal-
culated from those three parameters. However, in the cases to be considered
here the physical situation was not sufficiently clean and the measure-
ments -not'sufficiently accurate to permit of a meaningful comparison be-
tween those theoretical predictions and the observations.
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Tangential Electric Field. A final item to be dealt with in this
summary of theoretical results is the electric field, I t , tangential to the
magnetopause. In any two-dimensional model of reconnection, the component of
this field along the separator is a direct measure of the reconnection rate.
We shall calculate It from Eq. (2) recognizing that the,Hall current
term, which is not included, may make a substantial contribution at points
within the magnetopause (and at the inner edge of the boundary layer as
well). Upon ose of Eq. (5) for the normal flow (v n - Un ) we find
it	
Bn n x {_vt + (Bt/p)[(1 - a l ) Pl/Poll/z}
	
(9)	 •.
where the upper and lower signs refer to Bn < 0 and Bn > 0 , respective-
ly. This formula establishes the result quoted earlier that the electric
field is directly proportional to Bn . Since the latter quantity is
usually difficult to determine accurately, it is correspondingly difficult
to obtain an accurate estimate of the electric field magnitude. On the
other hand, the direction of It can be determined via Eq. (9). Using an
average Bn for several crossings, • the magnitude of Et can then be
estimated.
The component of Et along the separator can be established only if
the orientation of the latter is known. If one assumes that line to be
parallel to the magnetopause current -I (as has been done by Gonzalez and
Mozer, 1975, and many others) then the "reconnection component" of Et
may be readily ascertained. But reconnection geometries have also been
proposed in which such alignment is not at hand (Conley, 1976; contrary
to a statement in paper 1, a finite angle between E t and I does not
necessarily provide support for such geometries).
^W
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The component of Et perpendicular to the separator is associated with
plasma flow and magnetic field components along it.
4. INSTRUMENTATION AND DATA REDUCTION
The observations discussed in this paper were obtained with the LASL/MpI
fast plasma experiments and the UCLA magnetometer experiments on the ISBE-1
and -2 satellites, which are in elliptical orbits around the earth, with
apogees near 22.5 R E (06ilvie et al., 1977).
Thu fast plasma experiment (Bame et al,, 1978) consists of three 900
spherical section electrostatic analyzers. Measurements of ions and electrons
are taken in 15 contiguous energy per charge intervals as the analyzer
plate voltage decays exponentially in -188 ms. For ions, which we are ex-
clusively concerned with in this paper, the energy range employed in the
inagnetopause region extends from 70 eV up to 40 keV.
Two of the analyzers make two-dimensional (2D) measurements in which the
instruments integrate between -55 0 and +55° in elevation angle relGtive to
the satellite equatorial plane or, nearly equivalently, ecliptic latitude,
while sampling approximately every 22.5 0 in azimuth angle (longitude). A
complete 2D distribution of ions and electrons is accumulated in one spin
(- 3 s), and is repeated every 3s or 12s at high and low bit rate, re-
spectively..
The third analyzer makes three-dimensional (3D) measurements by
sequentially sampling each of four elevation. angle segments (of 27.50
width) extending over the same range (-55° to +55 0 ) as the 2D analyzers.
With this range of elevation angles, 82% of the solid angle sphere is
viewed by the instruments. The inner two elevation channels are sampled
every 45 in azimuth, the outer two every 90°. A full 3D distribution is
t
r
I
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accumulated in 9s. During the next measurement, another azimuth angle set,
interleaved with the first, is obtained. As the instrument operation is
synchronized with the telemetry clock, the complete azimuth sampling pattern
slowly rotates with time. Full 30 distributions are repeated every 12s or 48s
at high and low bit rate, respectively.
Due to the way switching of the four elevation segments is achieved,
there is an inherent background effect in the sense that a fraction of the
particles incident on the three "off" segments will contribute to the count
rate of the one segment being sampled (Barre et al,, 1978; Paschmann et al.,
1978). As determined from extensive laboratory and regularly spaced in-
flight calibration, that fraction varies between 0.12 at 80 eV to a constant
0.18 to 3 keV and above (for ions). Knowledge of the count rates of each
elevation angle segment at any given energy and azimuth angle then allows
the background to be subtracted. Since the azimuth angle pattern rotates
while the el'evation'channels are being sampled sequentially, some inter-
polation between count rates is involved. The generally good agreement of
the densities computed from the 3D data with the densities from the 2D
data (which do not suffer from this background effect) is proof that the
method works satisfactorily.
The plasma data are primarily presented as moments of the distribution
f.unctions. To calculate these moments, a number of assumptions are made,
which mainly concern the derivation of the phase space densities f from
the measured count rates and the behaviour of f for elevation angles out-
side the range of the instruments (for details, see Paschmann et al.,
1978).
we used the 2D densities in all quantitative applications because the
lack of a background effect makes them more accurate. Simulations with
r
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convected Maxwellian distributions have-shown that, for temperatures above
3x106
 K (the lowest temperatures measured inside the high-velocity regions)
and bulk speeds up to 300 km s -1 9 the 2D densities have relative errors
of less than 20% for true flow elevations up to 60 0 . (Degi-adations in
multiplier gain, although approximately corrected for, can lead to absolute
Muncertainties in the densities of up to 40%.)
For the same temperatures and bulk speeds, the 3D flow velocity is
correct to within -20%, 1 as along as the elevation angle of the flow is less
than -600 . The errors are such as to systematically lower the measured
velocity, in particular its component along the spin axis. At larger
elevation angles the errors become rapidly larger. Therefore, we have ex-
cluded from any quantitative analysis all measurements with apparent flow
elevations greater than 550 (see Appendix).
The pressure. tensor (and thus the pressure anisotropy) is not well
deteremined by the 3D instrument as soon as the magnetic field direction
approaches alignment with the satellite spin axis, which invariably occurs
inside the magnetopause. This is again due to the limited angular coverage.
However, for the small elevation angles of the magnetic field, which,
except for one case, prevailed outside the magnetopause, the pressure
anisotropy can be obtained directly, and fairly accurately, from the 2D
data. As shown in Section 3, the.anisotropy in the magnetosheath is all
that is needed in the analysis.
In determining velocities from the measured energy/charge, we have
assumed the ions to be protons. Any admixture of alpha-particles will modify
the moments, but as long as the alpha abundance is 101 or less, the effect
on the velocity will be small. However, with their four tines higher mass,
the alpha-particles can contribute signifjcantly to the mass density. In
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our quantitative studies we have therefore used the alpha abundances,'
measured simultaneously in the solar wind with LASL instrumentation on
IMP's 7/8 ,  whenever available. In one case there is also evidence for sing-
ly ionized helium.
The UCLA fluxgate magnetometer has been described in detail by Russell
(1978). We have utilized the field data with their full time resolution
(62.5 to 250 ms) for the determination of boundary locations and for minimum
variance analysis (cf. Section 5.3) in 8 of the 11 cases. In the remaining
three (5 July, 3 August, and 9 August, 1978) we used averages with 4s
spacing. For the quantitative comparisons with the plasma data in Section
5.2, the high resolution magnetic field data were averaged over the
precise 9s snapshot times of the 3D plasma measurements.
5. OBSERVATIONS
In this section we will first present and qualitatively discuss examples
of ISEE magnetopause crossings, and then apply the tests outlined in
Section 3 to a total of 11 cases. Characteristics of these crossings are	 '
listed in Tables 1 and 2. The 8 September 1978 magnetopause crossings,
although already the subject of paper 1, will be investigated here again,
not only to illustrate the method outlined in Section 3, but also because
there is additional information, not contained in paper 1, which makes the,
interpretation of that case in terms of reconnection even stronger.
5.1. Sample Cases
8"September 1978. Figure 2 shows the plasma and magnetic field observa-
tions , from our instruments on ISEE-1 and -2 for a 36-minute period duving
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which the satellites moved from the outer magnetosphere through the
boundary layer and magnetopause into the magnetosheath, At this time,
ISEE-1 was trailing ISEE-2 ^t a distance (measured along the magneto-
pause normal) of -31500 km. The magnetopause, defined as the current layer
through which the main transition from terrestrial to interplanetary
magnetic; field orientation occurs, is identified in this case by the
change in BZ
 from northward to southward (, y, and z refer to the GSM
coordinate system). Earthward of the magnetopause, plasma of magnetosheath
origin forms a boundary layer, identified in Fig. 2 by densities above the
magnetospheric level of ~ 1 cm- 3 . In the magnetosheath, the satellites
eventually cross the outer separatrix S1 (cf. Fig. la). Crossings of this
surface are identified by a sudden drop in the density, M  , of energetic
(z 13 keV) ions of magnetospheric origin. This feature will be discussed
further in Section 5.4.
Owing to motions of the magnetopause, multiple crossings of the various
boundary features are observed. The sequence and timing of the magnetopause
and separatrix crossings by the two'satellites, lead to the schematic picture
of radial motions shown in Fig. 3.
Based on the times of the first magnetopause exit (00:44:00 UT for ISEE-1
and 00:41:00 + 30s for ISEE-2, with the uncertainty due to a data gap) and
a separation distance of 1500 km,.a magnetopause speed of 8.5+ 1.5 km s-1
relative to the spacecraft is derived. Similarly, the times of the final
separatrix crossings (00:56:00 UT for ISEE-1, 00:52:40 UT for ISEE-2) yield
a speed of 7.5 km s 1 . Using 8 km s 1 , a total magnetopause thickness of
- 700 km is inferred, large compared to the gyroradius of a typical mag-
netosheath (- 300 eV) ion in a 50 y field (R 
LC
50.km). However, the region
of most rapid change of B is much thinner (- 80 km). Assuming the same
i
I
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speed (8 km/s), the boundary layer thickness is estimated at -1000 km.
Figure 2 shows that the plasma pressure P (defined as in Eq, 11) as
well as the magnetic field magnitude B (or pressure 82/2uo) show sub-
stantial variations during the magnetopause crossings. However, these
variations oppose each other such that the total pressure knot shown here,
but see Figure 2 in paper 1) remained very nearly constant. This pressure
balance indicates that conditions were sufficiently time-stationary to
allow us to proceed with the tests outlined in Section 3.
The important feature to note in Figure ^ is the very large plasma flow
speed v 	 (up to -500 km s -1 ) observed by both spacecraft during each
magnetopause encounter and persisting throughout most of the boundary layer.
These bulk velocities are directed essentially northward as indicated by
the large andositive vZ values. Large	 real	 n	 som flow ..	 d.eeu..p_-	 Large i ncreases,^:^^o c^ 	 ni ^^ r	 al uai^ia flowvrr ^^CCUJ
are the qualitative feature predicted by the tangential momentum balance
(cf. Section 3), and such flow enhancements were the principal criterion
for the selection of cases to be analyzed further (see Section 5.3).
Figure 2 also shows the intensity of energetic (z 13 keV) ions (Np
in upper panel), interpreted in Section 5.4 as magnetospheric ions pene-
trating the magnetopause,
9 August 1978. Figure 4 shows. one hour of data from an inbound pass
at low latitude near local dusk. It is seen that ISEE-1 started out in the
magnetosheath, encountered the magnetopause for an extended time (19:34 UT
to 19:53 UT, briefly entering the boundary layer near 19:43 UT),, re-
entered the magnetosheath, and finally crossed into the magnetosphere
aroung 20:11 UT. The interpretation of the interval 4etween 19:34 UT and
19:53`UT as being the magnetopause follows from a comparison of the
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magnetic field components in the L, M N boundary normal coordinate system
(Russell and Elphic, 197,9) with those during the complete crossing at
N 20:10 UT: during the 19:34 UT 19;35 UT interval B M
 only briefly (at
19:43 UT) reached the level characteristic of the magnetosphere after
20:10 UT. The LMN system is such that the positive N-axis points outward
along the local magnetopause normal, L lies in the plane defined by N
and the --axis (i.e., it points essentially northward along the magneto-
pause), and M completes the right-handed system (i.e., it has a negative
GSM or GSE y-component). The orientation of N was determined from minimum
variance analysis of the magnetic field data (see Table 1). Again large
plasma flow speeds occurred throughout the extended magnetopause/boundary
layer encounter. However, contrary to the 8 September case (and all others
to be discussed in this paper), the 7-direction of the flow reversed
direction: vz was directed: northward (> 0) in the magnetosheath and
turned southward (< 0) at the magnetopause. Such behaviour of the flow
velocity is expected for a magnetopause crossing located in the northern
hemisphere (external flow northward), but to the south of the separator,
as illustrated in Figure lb. Under these circumstances the tangential
magnetic stresses (and consequently the change in flow velocity) are
directed southward. An upward tilt of the X-line, as depicted in Figure lb,
is expected for the 9 August 1978 case since the IMF had the necessary
r
positive y-component. Thus, it is plausible that this low latitude cro s
ing could have occurred south of a reconnection line passing through the
subsolar point.
r
3'September 1978. This case is qualitatively very similar to that of
8 September 1978. Figure 5 shows that data for a time interval of the
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same length (36 mine as in Figure 2, but the time, resolution of the plasma
measurements is 4 times.less. The actual duration of the magnetopause on
3 September is difficult to determine precisely, since the transition in
the magnetic field had a great deal of structure. However, there is clear
indication of a boundary layer, lasting at least two minutes. The plasma
flow speed was again substantially enhanced;during the magnetopause/bound-
ary layer crossing, the flow direction being northward as on 8 September.
28 October 1978. The final example for this qualitative presentation
is shown in Figure 6. It is complicated, presumably because of motions of
the boundary, leading to a rapid sequence of complete: outbound/inbound/out-
bound magnetopause crossings between 08:21:10 UT and 08:23:20 UT (cf. the
BZ .pane.,	 an_
J
	large „U,,,ber of boundary layer encounters prior to the
magnetopause crossings. Increases in plasma flow speed are again sub-
stantial, but not as large as in the previous examples.
5.2. Tangential Component Tests
8 September 1978. In paper 1 we analyzed the tangential momentum
balance for the 8 September case, using two.slightly different methods.
First, we compared the total change in tangential plasma flow velocity
across the magnetopause with that predicted on the basis of the change
in magnetic field. Reasonable agreement was found, both in direction and
. T magnitude (cf. Figure 3 in paper 1). Second, we plotted the measurements
of a single component of the velocity during the,entire magnetopause
encounter versus the corresponding aagnetic field measurements. It was
found that the slope of the regression line in this plot agreed well
f,	 .
-26•
with the predicted slope (cf. Figure 4 in paper l). However, the analysis
in paper l did not take into account the effect of the pressure anisotropy
factor a (Eq. 4) and did not consider the ISEE-2 data. The present analysis
will remove both of these limitations. Also we will use a vector representa-
tion of the changes in tangential velocity and magnetic field in the mag.,
netopause in order to provide a better and more detailed illustration of
the results of the tangential component test.
Figure 7 shows such vector plots for the 8 Sept otuber 1978 crossing,
for both ISEE-1 and -2. Each vector in these figures represents the measured
change in tangential velocity, (v2t - 1 1t ) = kvtobs between a fixed
point in the magnetosheath (subscript 1) and a point in the magnetopause
or boundary layer (subscript 2). The magnitude of each vector is normalized
by the corresponding theoretically predicted change 14vtthl °, given by
Eq. 7, and calculated using measured magnetic fields, mass densities and
pressure anisotropies. In reality, the direction of each vector 44
th
is also different for different points in the magnetopause. To facilitate
comparison between p_vtobs and
6y
dwe have rotated each d_vt pair
about the magnetopause normal, maintaining the actual angle between the
two vectors, until e_v tth (given by Eq. 7, using the positive sign) is
horizontal and points t- the right in the diagram.
Thus, in Figure 7 all of the . _v tth vectors are represented by a
single horizontal vector of unit magnitude. Agreement between the
observed and predicted directions of A_v t (test Ia) appears as precise
alignment of the measured vectors with the horizontal. The amount of
disagreement is directly shown by the angle between these vectors and the
horizontal. In the reconnection model, vectors which point along the
horizontal to the right correspond to crossings north of the separator
r-27-
(Bn < 0) ; those pointing to the left correspond to crossings south of that
line (Bn > 0) and it is expected that for a given event the vectors should
point either consistently to the right or consistently to -the left (test Ib).
The normalization of the length of the vectors is such that their tips will
lie on the unit Circle if measured and predicted magnitudes of kvvt agree
precisely (test Ic).
The reference point in the magnetosheath (subscript 1 in Eq. 7) was
chosen close to the magnetopause with the provision that the plasma density
and velocity, as well as all magnetic field components had assumed fairly
constant levels representative of magnetosheath conditions. The relevant
quantities are listed in Table 2.
The measurements within the magnetopause and boundary layer (index 2 in
the equations) were subjected to a number of rigorous selection criteria
designed to reduce the number of points likely to be affected by sub=
stantial measurement errors. These criteria are described in the Appendix.
In the case of 8 September, this procedure led to the exclusion of
r	 approximately two thirds of the measurements. In particular no points were
used during the most rapid field variation in the first ISEE-1 magneto-
pause crossing. For the remaining data, the vectors pvtobs were constructed
from the measured 3D velocities, using a magnetopause normal (cf. Table 1)
obtained from minimum variance analysis (see Section 5.3).
r	 The mass densities, p	 the tangential components of the magnetic field,
Bt as well as the anisotropy factor a l', needed to calculate the
theoretical value of the tangential velocity change according to Eq. 7,
were obtained as described in Section 4. For the determination of p we
used'the alpha/proton number density ratio of 2.5%, measured simultaneous-
ly in-the solar wind by the LASL instrument on IMP-7. (As discussed in
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SEction 5.4, there is also evidence for some ionospheric helium during the
crossing. Its effect on the mass density, however, would be rather small.)
The pressure anisotropy was found to be a l y -0.2 , i.e. p_ > p„ . The
resulting correction to LVtth being proportional to (i - al ) 1!2 	 is
rather small (- 10%). Thus, the omission of the pressure anisotropy in
paper 1 was justified.
Figure 7 demonstrates that for 8 September 1978 (a) there is, on the
average, fairly good alignment (deviations < 25 0 ) of the vectors with the
horizontal indicating that B n f 0 (test Ia); (b) all the vectors
point to the right, i.e. 4Vt and AB t/p are parallel, indicating a
consistently negative B n , i.e. a crossing north of the separator as
expected at this location (25.9 0 N, 11.41 h LT) (test Ib); (c) the
magnitudes of several of the vectors are near the theoretical prediction
(test Lc), although on average their magnitude is only 0.8 of the
•	 theoretical value.
In order to understand the origin of the scatter of the vectors in
Figure 7 around the theoretical prediction, several effects must be
•	 considered. First, there are errors in determining the flow velocity.
As shown in Section 4, these errors typically range up to - 20% (i.e.
100 km s -1 for the present case) and are such that the derived flaw
velocities tend to be underestimated, thus explaining, at least in part,
the fact that the majority of the vectors in Figure 7 fall short of the
unit circle. Second, the measured flow velocities include finite gyro-
radius effects such as pressure gradient drifts, which for reasonable
pressure gradients can easily amount to 50 km s- 1 and which are not in-
corporated in Eq. (3) or (7). As these drifts , are directed perpendicular
to the magnetic field, their effect will mainly show up in angular
I J
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deviations. Third, the presence of ionospheric ions with large mass (e.g.
oxygen) within the magnetopause and boundary layer would increase the mass
densities p2 and thus systematically increase the magnitude (and change
the direction) of the normalized vectors. Fourth, there are errors in the
pressure anisotropy factor a l However, a l only enters as the square
root (1 - a) 1/2 , and it only affects the magnitude, not the direction,
of the vectors. Fifth, some of the assumptions in the theoretical model,
in particular those concerning the one-dimensional time-stationary
structure of the magnetopausr are unlikely to be precisely valid and
could affect the comparison. It should be noted that errors up to - 300
in the magnetopause normal direction do not significantly affect the
comparison.
Because of these various error sources, we believe that the deviations
in Figure 7 ot .the measured velocity changes from the theoretical ones
are sufficiently small to permit of the conclusion that the data are
compatible with the reconnection hypothesis.
=	 9 August 1978. In Section 5.1 we noted that the behaviour of the flow
velocity for this low latitude crossing was qualitatively consistent with
a crossing southward of the separator. Figure 8 shows the result of the
quantitative analysis, in the format discussed above. In computing the
mass densities p , we used a measured alpha particle abundance of 1.5%.
The pressure anisotropy factor a l
 was so small (- 0.05) that 'its effect
could be neglected. Figure 8 shows that there is fairly "large scatter
in the direction of the vectors, and that angles with the horizontal
of yip to -400 occur. However, the average of the magnitude of the angles
was only 240 . In view of the uncertainties in the analysis, discussed
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above, this may be regarded as reasonable agreement with the predicted
direction (test Ia). Note that contrary to the 8 September case, the vectors
now consistently point to the left, indicating a negative sign in Eq. 79
i.e. Bn > 0 or a crossing south of the separator (test Ib). The agree-
ment between measured and predicted magnitudes of the vectors is again
reasonably good (test Ic). The average magnitude of the measured vectors in
Figure 7 is about 90% of the predicted value. Because flow elevation angles
in this case are small, no systematic underestimate of the flow velocities
is expected. Lengths greater than unity, as in Figure 8, could be the result
of time variations, for example, in the magnetosheath reference level.
Other Cases. The result of the analysis of 9 additional crossings is
presented in Figure 9. These cases (and the ones already presented) were
discovered in a-systematic search for substantial }flow speed increases in
all dayside magnetopause crossing by ISEE between October 1977 and the end
of 1978. The figure includes one 1979 case, although no systematic search
of the 1979 crossings has yet been undertaken. Figure 9 includes the iMross-
ings of 3 September 1978 and 28 October 1978 shown in Figures 5 and 6,
.
respectively. Relevant characteristics of all these crossings are listed
in Tables 1 and 2. Whenever , simultaneous measurements of the solar wind
alpha abundance were not available, we used a value of 5%. The pressure
anisotropy factors were in the range -0.25 < a l < 0 in all cases. The
magnetopause normals used in the analysis were based on the minimum
variance technique, if successful. Otherwise a model normal was chosen
based on the average shape of the magnetopause (Fairfield, 1971). The
normals are listed in Table 1, with an indication of how they were derived.
It should be remembered that the tangential component tests do not
f.G
I
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require an accurate knowledge of the normal direction.
The various cases in Figure 9 differ considerably in the number of
measurements for which a comparison could be made„ Cases with very few
points rep resent either cases with brief magnetopause/boundary layer
crossings, or those where many points did not meet the selection criteria
(cf. Appendix).
The overall impression from Figure 9 is that, given the uncertainties
discussed earlier, there is reasonable agreement between measurements and
predictions , with respect to the alignment of the vectors with the
horizontal as well as their magnitude. In all nine cases the vectors point
consistently to the right, indicating that the observations were made north
of the separator (Bn < 0) . Given the location of these crossings in the
northern hemisphere, this latter result is consistent with our•expectations.
Summary. For each of the 11 cases presented we have averaged the
individual vectors (shown in Figs. 7 to 9) by first decomposing them into
the components parallel and perpendicular to the predicted directions and
then averaging these components. The result is shown in figure 10, where
each crossing is now represented by a single normalized vector. (For
simplicity, we have reversed the direction of the 9 August 1978 vector and
shown it as a dashed line.) The actual magnitude of the maximum velocity
increase is given in Table 2. It ranged from 128 - 462 km s 1 . Figure 10
demonstrates that on average the agreement between measurements and pre-
dictions is quite good, considering the number of uncertainties that enter
into the comparison.
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5.3. Normal Component Tests
8 September 1978. in paper 1 the normal vector and normal field compo-
nent for the principal ISEE-1 crossing were given as n` = (0.80 , -0.40,
0.45) (in spacecraft coordinates) and B' n = (-5.4 + 2.9)• nT . Those
results were obtained by use of the minimum variance technique on 12s
magnetic field averages with two thirds overlap. We lave repeated the
analysis using the full resolution (62.5 ms) data, the result being
n" = (0.80, -0.44, 0.42) and B" n = (-9.2 + 1.9 nT) . In view of the size
of the error estimates (obtained as in Sonnerup, 1971), the two Bn
values are not inconsistent with each other and we feel confident in con-
cluding that B n
 was negative for this crossing. This is in agreement
with the sign inferred from the tangential- component test (Ib) so that
this crossing also passes the first part of the normal component test (IIa).
For the partial ISEE-1 crossing no reliable normal vector determination
was possible. Using the vector n" given above and the field vectors
selected for the tangential test, one finds B n
 values ranging from -2.7
to -11.7 nT with an average of -7.2 nT for this crossing. The ISEE-2 mag-
netopause crossing contains a large data gap so that again no reliable
normal vector could be found. Using the vector n" and the field data
employed in the tangential test, , Bn for this crossing ranged from -6.1
to -16.7 nT with an average of -11.0 nT. These results are in agreement
with our conclusion that B n was negative for the 8 September event.
i
Turning now to the normal flow component, the data for the principal
ISEE-1 crossing in Figure 3 of paper 1 indicated, v n = (-17 + 11) km s-1
(the uncertainty being the standard deviation of the mean), based on the
normal vector n'	 If only the data points selected for the tangential
test are used, with the new vector n" , then v n = (2 + 14) km s -1 .
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Similarly, for the partial ISEE-1 crossing vn = (-34 + 6) km s-1 and for
the ISEE-2 crossing vn = (-54 + 8) km s-1 . We have estimated the magneto-
pause speed to be U n - 8 km s-1 for the principal ISEE-1 and for the
ISEE-2 crossing, while for the partial ISEE-1 crossing, where the magneto-
pause reversed its direction of motion, the appropriate value is 'Un = 0 .
Thus, the flow speed (vn - U n) across the magnetopause corresponding to
the four vn
 values given above is -9, +10, -34, and -46 km s -1 , re-
spectively. The preponderance of the evidence is that (vn - Un ) was
negative so that the 8 September event passes the second part of the normal
component test (IIb). This statement implies only that the normal velocity
results are compatible with the conclusion that an inflow occurred across
the magnetopause, not that they prove the existence of such an inflow.
The flow speed across the magnetopause predicted by Eq. 5-, with
Bn
 = =9.2 nT and the density, anisotropy and alpha particle abundance
given in Table 2, is (v n - U n ) = -55 km/s. Given the large uncertainties,
this result is not incompatible with the measured values given above. In
this sense, the 8 September case also passes test IIc. The comparison
with Eq. 5 suggests that a somewhat smaller B n
 magnitude, perhaps the
original B  = -5.4 nT , may provide better agreement between theory and
observations.
9 August 1978. From the analysis of the tangential components ofthe
plasma velocity and magnetic field in Section 5.3, we determined that
the normal components of the magnetic field for the 9 August case had to
be positive, B  > 0 , i.e. that the crossing was located south of the
separator (cf. figure lb). Unfortunately, the situation on this occasion
is complicated by the fact that the magnetopause crossing, where the large
AI
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plasma flow .speeds were observed (1934'UT - 19:53 UT; cf. Figure 4),
was not complete. Therefore, no reliable normal direction could be
determined. When using the normal determined from minimum variance analysis
of the final magnetopause crossing at 20:10 UT, no significant B n and
vn
 are obtained for the first entry near '19:34 UT. However, for the period
near 19;53 UT one obtains Bn = (2.2 + 1.0) nT and vn = (-25 + 8) km s-1,
where the uncertainties are the standard deviations of the r,^an values.
Bn has the expected sign, and therefore passes test IIa. The topology test,
to be discussed in Section 5.4, also supports the conclusion B n > 0 . The
magnetopause speed, U n , and consequently (vn - Un ) , could not be deter-
mined because the two satellites were very closely spaced. However, examina-
tion of Figure 4 suggests that	 Un was small at 19:53 UT. Thus, it is
likely that (vn = Un ) was negative as required by test IIb.'
•	 Other Cases. The minimum variance technique was also applied to the
•	 remaining 9 cases. In two of these the technique was unsuccessful and did
not provide a reliable normal direction (cf. Table 1). The average field
component along the model normal was negative for both cases. In those 7
cases where a reasonable normal was obtained, the corresponding B n was
nevertheless not well determined for the individual cases. However, in all
but one of them (4 November, 1978) the average value of B n for each
crossing had a sign consistent with that deri°red from the tangenticl
component test (Section 5.2). For the 4 November case, the average Bn
had the wrong sign but its magnitude was less than the error estimate.
Thus, there is no direct conflict between the results of the tangential 	 •
and the normal component test in this case either. Moreover, the energetic
particle analysis (Section 5.4) confirms the sign of 
Bn 
derived from the
4
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tangential component test. Averaging over the seven crossings, we obtained
Bn = (-3.5 + 1.1) nT , where the error is the standard deviation of the
mean. Thus, in an average sense, these 7 cases also pass test IIa.
Averaging the measured normal plasma velocities for the same 7 cases,
one obtains a value vn	( -37 + 5) km s -1 . The sign is that expected for
an inward plasma flow across the magnetopause (test IIb). Moreover, the
magnitude is consistent with the predicted one. Using 8 n = -3.5 nT and
an average plasma density of 20 cm 3 , equation 5 (neglecting the effects
of . pressure anisotropy and alpha particles) predicts (v n - Un ) 	 -17 km s-1.
Since our measured average normal flow speed is v n = -37 km s-1 this
result indicates an average magnetopause velocity, U n = -20 km s_-1 . Be-
cause all 7 crossings occurred on outbound orbits, the magnetopause velocity
should indeed be inward, i.e. Un < 0; the predicted value is' also reason-
able.
5 .4. Topology Test
In this section we will discuss inferences concerning the magnetic
field topology obtained by using energetic ions of magnetospheric origin
as Field line tracers. It is not our intention to give a full discussion
of the energetic particleescape from the magnetosphere. In particular,
the problem of the continuous supply (e.g. Scholer, 1981) of these particles
is ignored. We only ask whether the energetic ion behaviour is consistent
with the conclusions on the field topology reached in previous sections.
We also have neglected electrons, because their intensities and anisotropies
are more variable.
r^
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'	 8 September 1978. Figure 11 shows a'time sequence of ion energy spectra
from ISEE-1 covering the time period between 00:40 UT and 01:00 UT. The
figure demonstrates that a separate high-energy component (E z 5 keV)
existed, which lasted well into the magnetosheath where, at the point
marked S in the figure (- 00:56 UT), these ion fluxes suddenly droppea.
This same fact is also apparent in Figure 2, which shows the density, NP
of protons z 13 keV as a function of time. The purpose of showing the
spectra is to demonstrate that the energetic ions represent a separate
population and not just the high-energy tail of a hot magnetosheath ion
distribution. The hypothesis that these ions are of magnetospheric origin
is supported by the fact that their intensity does not change acrbss the
magnetopause and boundary layer.
An important property of the energetic ion population is its pronounced
anisotropy. This is demonstrated in Figure 12, which shows a relief plot
of the entire two-dimensional velocity distribution at 00:52:00 UT, as
measured by ISEE-1, together with the projected'magnetic field direction.
The distribution shows 4 separate ion populations, ranging in velocity
from - 115 up to -2500 km s -1 . Peak number 1 represents the shocked solar
.
wind flowing towards and along the magnetopause. (because we are using
count-rates as the intensity measure, rather than phase space densities,
this peak is underemphasized in Fig. 12.) The significance of peaks 2 and
3 will be discussed below., The energetic magnetospheric ions referred to
above are readily discernible as the crescent-shaped feature at the highest
velocities (population 4 in Fig. 12). These ions are seen to move pre-
dominantly in a direction antiparallel to the magnetic field. This is
exactly what is expected if these particles had leaked out of the magneto-
sphere along reconnected field lines north of the separator where
.r
37
Bn < 0 , as illustrated by Figure lb. Thus the energetic particle popula-
tion on 8 September passes test IIIa, i.e. it supports the earlier conclusion
concerning existence and sign of Bn
 . The same conclusion has been drawn
recently by Scholer et al. (1981) for this crossing, on the basis of
energetic particle data from a different experiment onboardISEE-1.
Another feature of the energetic particles is their sudden disappearance
near 00h56 UT in the ISEE-1 record (the point S in Figures 2 and 11),.
which we interprete as the crossing of the outer separatrix S1. From
Figure la it is evident that the total magnetic flux between the magneto-
pause and the outer separatrix must cross the magnetopause between the
location of the satellite crossing and the separator. Assuming B n
 to be
known and constant, the distance Al along the magnetopause from the
satellite to the X-line is thus estimated as D'I	
r 
As
 where As is
n
the distance between the magnetopause and the outer separatrix. As it
happens, ISEE-2 was crossing the outer separatrix almost precisely when
ISEE-1 exited the magnetopause. This is illustrated in Figure 3. The
evidence is shown in Figure 2, where the dashed lines in the ISEE-2 graph,
which mark the magnetopause exit times of ISEE-1,twice nearly coincide
with the times ISEE-2 experienced the sharp drops in N p , identified as
separatrix crossings. Accordingly, As - 1500 km , the separation distance
of the two spacecraft along the magnetopause normal. Using B n
 = -5.4 nT
and -9.2 nT and B	 54 Y (see Table 2), one obtains Al - 2.4 R E and
1.4 RE , respectively. Admittedly, these determinations of Al can only
be regarded as crude estimates,. But even if one allows for an uncertainty
of a factor of two, it is clear that the X-line could not have been located
in the southern polar cusp region. On the other hand, the derived distances
are consistent with a location near the equatorial plane,
	 3.5 RE
 south
of the satellites.
-38-
A final point concerns the identification of ,peaks 2 and 3 in the
distribution of Figure 12. We interprete tt,e former as the result of
reflection of the shocked solar wind plasma (peak 1) at the magnetopause,
which causes a velocity change given by Eq. 8, Using the values in
Table 2, one derives a velocity of the reflected ions of about 500 km s-1
directed essentially antiparallel to the magnetic field, in good agree-
ment with the observations. The density contained in peak 2 is about
20% of the total density. Thus magnetopause reflection is rather efficient
in this case.
The significance of the reflected ions is threefold: First, they
trace out the field topology in much the same way as the leaking magneto-
spheric ions do. In particular, they should terminate at or near the
outer separatrix ;
 and that is indeed what is observed (cf. Figure 11).
Thus the reflected ions support our identification of the outer boundary
of magnetospheric ions as the separatrix. Second, their energization
during the reflection provides additional evidence for the presence of
a tangential electric field Ez at the magnetopause. Third, along with
ions leaking out from the magnetosphere, they constitute an ion heat flow
which carries energy away from the magnetopause.
Peak 3, which is very pronounced in Figure 12, but appears mostly.as
a shoulder in the spectra of Fig. 11, is interpreted as singly-ionized
helium, presumably of ionospheric origin. At about this time the ion mass
spectrometer experiment on ISEE-1 observed He + with a density of
- 0.8 cm 3 and a velocity of 300 km s-1  antiparallel to the magnetic
field (W.K. Peterson, private communication). These numbers are consistent
with the location and intensity of peak 3 in Figure 12. Note that in
constructing Figure 12, all ions were assumed to be protons. With the
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I	 proper mass, pock 3 would have appeared at half the velocity, and its
contribution to the ion number density would have been twice as large.
But compared to the total number density, the He+ contribution is rather
insignificant: Even in terms of the mass density needed in the calcula-
tions of Section 5.2, it is only of the same order as that of the solar
wind alphas.
9 August 1978. In Section 5.2 we inferred on the basis of the tan-
gential component test that this crossing occurred south of the recon-
nection line. Magnetospheric particles leaking out along reconnected
field lines should then move preferentially parallel rather than anti-
parallel to the external magnetic field (test . IIIa). Figure 13 shows a
measured distribution outside the magnetopause on 9 August, in the same
format as Figure 12. Again the magnetospheric ions appear as a separate
component and they do indeed move parallel to the magnetic field. Con-
Crary to the 8 September case, there is no clean indication of magneto-
pause reflection.
Other Cases. We nave examined the other 9 cases for evidence of leaking
energetic magnetospheric particles. As a criterion we not only required
the presence of ions with energies -C 5 keV, but also that they appeared
as a separate component, i.e. that there was a change in spectral slope
such as shown in Figure 11. Thus energetic ions which just constitute the
high-energy tail of a hot magnetosheath distribution were excluded. Four
of the nine cases met this criterion (see Table 2). Of the five that
did not, one showed no energetic ions above our sensitivity threshold,
and four showed no clear change in spectral slope within our energy range.
Note that the existence of magnetospheric ions outside the magnetopause
t	
.
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cannot be excluded even in these five cases. Both limited sensitivity and
energy range could be responsible for our failure to detect them.
Of the four cases that met our criterion (3 August, 5 September, and
4 November, 1978; 11 September 1979), all showed the energetic ions moving
antiparallel to the external magnetic field (test IIIa). This can be veri-
fied by comparing the magnetic field direction, 061 , with the energetic
ion streaming direction, ^ , in Table 2. This result is in accordance
with the conclusion B n < 0 reached for these cases on the basis of the
tangential component test. No clear indication of reflected ions was
detected.
5.5. Tangential- Electric Feld
As discussed in Sections 2 and 3 and illustrated in Figure 1, the
reconnection process, implies the existence of an electric field Et
tangential to the magnetopause. Once the sign of B n is known, the direc-
tion of this field can be determined rather easily from the plasma and
magnetic field data because only tangential components are involved
(Eq. 9). The field direction is of interest when compared with that of
the magnetopause current, because E t • I measures they electromagnetic
power converted at the magnetopause. Figure 14 shows the result of this
comparison for all 11 cases. for each crossing, we first calculated the
average Bt/Bn from Eq. 9. Using the sign of B n as derived from the
tangential component tests (Section 5.2), we then obtained Et/jBnj
The magnetopause current I was calculated from the measured field
change, AB , across the magnetopause. figure 14 illustrates that
although the angle between E t and I varies over a large range,
Et-I is 'positive in all cases.
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The magnitude, Et , of the tangential electric field is more difficult
to obtain from our measurements becau=se, according tip Eq. 9, it is pro-
portional to Bn . For the 8 September 1978 case, where B n is reasonably
well determined, we derived a value Et - 1.8 mVlm in paper 1, based on
Bn
 = -5.4 nT and data fro=m  the principal crossing of ISEE-1 only. Using
all the ISEE-1 and =2 data which passed the acceptance criteria (sce
Appendix) the values of E t for this case were 1.7 mVJm and 2.8 mV/m,
corresponding to Bn = -5.4 nT and -9.2 nT 	 respectively.
As pointed out already, B n is not well determined for the remainder
of the cases. However, an estimate of E t can still be obtained by using
the average Bn = -3.5 nT given in Section 5.3 for 7 of the cases, and the
.average Et/B
n
 for the same cases. This procedure yields an average Et
of = 0.8 mV/m.
The magnitudes of the tangential electric fields thus inferred are of
the same order as that determined directly from the electric field measure-
r.ants for an ISEE magnetopause crossing on 20 November 1977 (Mozer et al.,
1979). How- ,,---. we did not observe significant plasma flow enhancements
during thr 	 sing.
6. SUMMARY AND DISCUSSION
We have examined eleven crossings of the dayside magnetopause in the
northern hemisphere by the ISEE spacecraft. The locations of these cross-
ings are given in Table 1. They were selected because of large plasma flow
speeds observed in the magnetopause and boundary layer. It has been the
purpose of our examination to test the hypothesis that these large speeds
were the . result of the plasma acceleration intrinsic to the magnetic field
reconnection process. Our conclusions are as follows:
-gl-
(1) The direction and magnitude of the difference between the plasma
velocity measured at a reference point in the magnetosheath and those
measured at individual points in the magnetopause or boundary layer are in
reasonably good agreement with predictions from the reconnection model.
For 10 of the crossings, the direction of the plasma acceleration was
that associated with a consistently negative (inward) magnetic field
component, B n , normal to the magnetopause, as expected in the northern
hemisphere of the standard reconnection model in which the magnetic separa-
tor passes through the subsolar point. The remaining case (Augu3t 9, 1978)
displayed acceleration corresponding to Bn > 0 . This case too is com
patible with the standard model: the crossing occurred on the post-noon
side near the equatorial plane and the magnetosheath field had a positive
By component, presumably causing the X-line to deviate northward from the
equatorial plane.
 in the post-noon sector. ` For the eleven cases, the angle
change across the magnetopause of the magnetic field vec^or ranged from
880
 to 1700 ; the maximum velocity change was in the range 128 462 km/s.
(2) The normal magnetic field components determined from minimum variance
analysis of the magnetic data had large uncertainties for most of the
crossings. However, except for one case (4 November, 1978) the average
Bn thus determined had the same sign as that predicted from the plasma
results. For the 4 November case, B n was less than the uncertainty in
Bn , and the plasma prediction of the sign of Bn is probably the correct
one. For the 8 September 1978 case the determination was reasonably good
and yielded B n values in the range -5 to -9 nT. The composite average
for the 7 other cases (all north of the X-line), for which a minimum
variance normal was obtained, was B n	-3.5 + 1.1 nT .
(3). In 6 . , )f the 11 cases, a distinct population of energetic (E.> 5 keV)
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particles was found in the magnetosheath just outside the magnetopause. We
4 find the evidence to be , strong that this population represents magneto-
spheric particles that leaked across the magnetopause as a result of the
presence of a nonvanishing normal magnetic field component there (see also
Scholer et al., 1981). In all cases where the inferred B n was negative,
this energetic particle distribution showed a strong anisotropy indicating
streaming antiparallel to the magnetic field. For the one case with an
inferred positive B 	 value (9 August, 1978), the anisotropy was also
strong but indicated flow parallel to the field instead. These results are
again in agreement with expectations for the standard reconnection rrode1.
The field topology in that model is such that the leaking energetic
particles should terminate at (or slightly inside) the outer separatrix
surface. A well-defined termination is indeed observed in most cases, and
in one case (8 September, 1978) the distance between separatrix and mag-
netopause could be determined to be - 1500 km. For this case, we
estimated the distance along the magnetopause from the spacecraft south-
ward to the X-line to be 1.4 - 2.4 RE . This result is compatible with an
X-line located in the vicinity of the equatorial plane (near the noon
meridian) but not in the southern polar cusp.
(4) In one case (8 September, 1978), the plasma distributions in the mag-
netosheath, adjacent to the magnetopause, also displayed a pronounced
peak at an energy of 1 keV, produced by particles streaming away from
the magnetopause in a direction approximately antiparallel to the magnetic
field. It is likely that these are magnetosheath particles that have been
reflected at the magnetopause and in the process have been energized by
the tangential electric field in the same manner as particles transmitted
through the magnetopause to form the boundary layer. The situation is
E;
C=
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essentially identical to that at the earth's bow shock where incident solar
wind ions are occasionally reflected and energized by the solar wind
electric field (Sonnerup, 1969; Paschmann et al., 1980). This type of
reflection requires Bn # 0 The observed energy of the reflected ions
is in good agreement with the theoretically predicted value. The reflected
particles also constitute a substantial ion heat flux away from the mag-
netopause.
(5) On the strength of the evidence summarized above, we tentatively
accepted the validity of the reconnection hypothesis, and proceeded to
estimate the electric field component Et
 tangential to the magnetopause.
This field is proportional to B n
 and our estimate of the field magnitude
is therefore no better than that of B n . We find that, for an individual
crossing, the calculated vectors E tJJBn j scatter considerably, both in
magnitude and direction, whereas Maxwell's equations requ-ire Et/,Bn ) to
remain constant across a time-independent one-dimensional magnetopause.
Gradient drift effects, not included in the calculation, may account for
some of the discrepancy but it seems likely that two and three-dimensional
fluctuations also play a major role. The average E t/JB n I vector for an
individual crossing may form a substantial angle with the total magneto-
pause current I , as a result of plasma motion and magnetic fields along
it, but the composite average for all the crossings is nearly along I .
For the 8 September case, E t = 1.7 - 2.8 mV/m. For the 7 other cases
north of the X-line for which a reliable minimum variance normal was
obtained, the average Et is 0.8 mV/m.
The ratio B
n
 /B= v  /vA = MAn is a convenient (but imprecise, due
to the unknown separator orientation) nondimensional measure of the
reconnection rate. For the 8 September event this Alfven-Mash number was
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0.10 - 0.17 ; for the other 7 cases, referred to above, the average
wasMAn = 0.10 . These values are in the range predicted by Levy et al.
(1964).
We have also examined the tangential momentum balance for a few
selected crossings in which no substantial increase in plasma flow speed
was seen at the magnetopause, including one case, at substantial northern
latitude, where the direction of the plasma flow vector was reversed
across the magnetopause (a possible signature of northern cusp reconnection).
In these cases, no agreement was found with the tangential momentum
balance equations in Section 3. However, no systematic study of all ISEE
magnetopause crossings has been undertaken so that firm statistical
information is not available concerning the frequency of occurrence of
cases that obey the tangential momentum balance equations. In particular,
we are not in a position to exclude the possibility that cusp reconnection
takes place occasionally.
It is noteworthy that no acceleration events were found during the first
coverage of the subsolar region by the ISEE spacecraft after their launch
in October 1977. It is tempting to speculate that the sudden appearance of
events in the summer and fall of 1978 is related to the sharply rising
sunspot activity at that time. However, we have been unable to identify
any single dimensionless group such as the magnetosheath plasma $ value
(see Table 2) or the Alfvbn-Mach number that correlates with the presence
and absence of accelerated plasma at the magnetopause. However, there is
a striking relation with the sign of the y-component of the magnetosheath
magnetic field. As is evident from Table 2, the azimuth angle 
X61 of
the field varied between 330 and 1370 , i.e. Sy
 > 0 for all 11 cases.
it
a
J
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Preliminary analysis of magnetopause crossings for which no high-speed
plasmas were observed, indicates that these occurred for both signs of
By .
In closing, we comment briefly on the question whether the evidence for
reconnection presented here should be considered "incontrovertible". In
a strict sense, incontrovertible evidence consists of a direct reliable
measurement of an electric field along a separator, since that is the
basic definition of reconnection. In practice, however, it is very hard to
identify an encounter with an X-line unambiguously and indeed such an en-
counter is in itself an unlikely event (although one potential case has,
in fact been reported (Sonnerup, 1971)). One must therefore rely on in-
direct evidence such as B n f 0 , the presence of plasma jets at the mag-
netopause, and topological evidence provided by leaking or reflected
particles. Direct measurement of a nonvanishing It , as reported by
Mozer et al. (1975),. is, of course, also extremely important. Individual-
ly, such observations are not convincing; collectively they may become
very persuasive, in particular when quantitative agreement between theory
and observations is found, as in the casos presented here. But they are
not absolutely incontrovertible. For example, the presence of a nonvanish-
ing E t at a position away from the X-line does not by absolute necessity
imply that an electric field is or has been present along such a line (or
for that part that the line itself exists). Only in simple, steady-state
plane geometNies, as in Fig. 7a, does an Et anywhere imply an Et along
the X-line.
Even though we cannot exclude other explanations entirely,, the
possibility seems very remote that the observations reported here do not
constitute a manifestation of reconnection,. Thus they should effectively
4
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remove one of the last major obstacles to the acceptance of magnetopause
reconnection as an important magnetopause process, namely the lack of
observations of plasma accelerated by the I x Bn force. The fact that
dramatic events of the type presented here appear to be relatively rare
should not be construed to mean that magnetopause reconnection itself is
rare - the indirect evidence to the contrary is very strong, not to say
overwhelming - but only that reconnection in a quasi-steady state over a
broad segment of the dayside magnetopause is rare. In retrospect, the
widespread belief that the Levy-Petschek-Siscoe (1964).model would apply
most of the time over most of the dayside magnetopause was perhaps an un-
realistic one. The situation may be more like that of a turbulent boundary
layer in ordinary fluid mechanics: the probability of observing the
classical turbulent velocity profile everywhere, or indeed any here, in a
boundary layer at any chosen instant is essentially zero yet the average
profile is highly reproducible and extremely useful. In the same way, the
Levy-Petschek-Siscoe model may usually only emerge as a time average in
that sense, we have been fortunate to find individual events that agree
approximately with this simple model.
In the case of a turbulent boundary layer, one must develop a detailed
understanding of the nature of the velocity fluctuations in order to
properly evaluate the turbulent transport properties across the layer. In
the same way, we must develop a far better understanding of flux transfer
events (Russell and Elphic, 1979) and other turbulent signatures of the
magnetopause before we can begin to evaluate the contribution of patchy
time-dependent reconnection to the transfer of mass, momentum, and energy
across the magnetopause.
APPENDIX
This Appendix describes the criteria used in selecting the plasma data
for the tests in Section 5.2.
First, we removed all measurements for which p2/p l < OK to ensure
that the test was applied to plasma of magnetosheath origin rather than
to purely or predominantly magnetospheric plasma. Second, we analyzed only
those measurements showing significant bulk speed increases over the mag-
netosheath level (v2 - v l > 0.5 v l ) . Third, we discarded measurements for
which the instrument response was essentially limited to the highest eleva-
tion channel, in which cash the moments become unreliable (see Sei,tion 4).
Fourth, in the same spirit, we discarded all measurements where the computed
bulk velocity had an elevation angle with the ecliptic plane of JAp I > 550
(see Section 4). the fifth selection criterion concerns the behaviour of
the magnetic field during the 9s period in which the 3D distribution
function of the plasma is being measured. If the magnetic field varies
strongly during this interval, the plasma measurements are likely to be
time-aliased. As a rejection criterion we used
2	 2 1/2(dB l	+ SB2
 )
C =	 — > 0.45
I62 B11
where B l and B2 are the magnetic field vectors, obtained by averaging
the original field data precisely over the 9s interval of the plasma
measurements; 6B  and 6B  are the standard deviations of the magnetic
field magnitude in the same interval. The above condition rejects all
measurements where the fluctuation in the difference vector is larger than
45% of the difference itself. The value of the threshold is somewhat
- 49
arbitrary. We chose e - 0.45 because the distribution of c values for
the entire set of plasma measurements in the 11 crossings had a local
minimum there.
Finally, if the densities, measured with higher time resolution by our
2D instruments, indicated variations by more than 50% during the 9s snap-
shot time of the 3D measurements, the data points were also discarded.
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Footnotes for Table 2.
(1) ISEE-2 data. All other cases are ISEE-1 data.
(2) Data for magnetosheath reference point (B 1 ' AB1 ' IB1' magnitude,
elevation and azimuth angle (in S/C coordinates) of magnetic field;
n:, , v 1 : density and bulk speed ; 	 6 1 : ratio of plasma and magnetic
field pressures;	 al : pressure anisotropy factor).
(3) Alpha particle abundance in the solar wind. Numbers in parenthesis
are assumed values, the others are measured.
(4) Magnetic field strength on magnetopsheric side of magnetopause.
(5) Angle between the vectors B 1 and B2 .
(6) Duration of magnetopause and boundary layer encounters, if well
defined.
(7) Y indicates presence of energetic (> 5 keV) ions appearing as
separate component.
N indicates either absence of ions or absence of cleat , separation.
(8) Streaming direction of energetic ions.	 4^ is the azimuth angle
in the spacecraft system.
(9) a 1 not determined because of large A
B1 '
ii
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FIGURE CAPTIONS
	
Figure 1(a)	 Meridional view of the reconnection configuration for anti-
parallel external and internal magnetic fields. The magnetic
field lines are shown as solid lines. The magnetopause (MP)
is shown as a current layer of finite thickness, with an
adjoining boundary layer (BL) of comparable thickness. Mag-
netosheath and magnetosphere are located to the left and
right of the magnetopause, respectively. Those magnetosheath
and magnetospheric field lines connected to the separator (or
X-line) form the outer (S1) and inner (52) separatrix, re-
spectively. The magnetic field normal component B 	 is
negative north of tike separator and positive south of it.
Dashed lines are stream lines and the heavy arrows indicate
the plasma flow speed outside and inside the magnetopause.
The reconnection electric field, E t
 , is aligned with the
magnetopause current I. All except one of the ISEE cross-
ings discussed in this paper were located north of*the
separator.
	
(b)	 Front view of the reconnection configuration for a case with
substantial positive y<-component of the magnetosheath mag-
netic field. Under these circumstances the separator (X-line),
shown as the dot-dash line, is tilted upward on the post-
noon side. Magnetosheath portions of magnetic field lines
are shown as solid lines, magnetosphere portions as dashed
lines. Tangential components of magnetic field and plasma
I
velocity are denoted by Bt and v t , respectively. Index 1
refers to the magnetosheath side, index 2 to the magneto-
- 58
Figure 2
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sphere side. The location of the only ISEE magnetopause
crossing south of the separator discussed in this paper
(August 9, 1978) is shown by the symbol B. For comparison,
the 8 September, 1978, crossing is marked by the symbol A.
Plasma and magnetic field data from ISEE-1 (top) and ISEE-2
(bottom) for a 36-min interval on 8 September 1978, during
which the satellites moved from the outer magnetosphere
("ring current" = RC) through the boundary layer (BL) and
magnetopause (MP) into the magnetosheath (MS). The cross-
4 ngs of the outer separatrix are denoted by S. The plasma
data are from the 3D analyzer and are spaced 12s apart. The
upper curve in the top panels, NP , is the total plasma number
density (cm- 3 ); the lower curve, 5  , is the density (cm-3)
of the energetic (13 - 40 keV) ions; V  and V z are the mag-
nitude and GSM z-component of the bulk velocity (km s-1).
The solid curve in the bottom panel of the ISEE-1 data is
the total plasma pressure P (in units of 10
-g
 N m-2 ). The
magnetic field data are shown with 9s resolution; B  (nT)
is the GSM z-component and B (dotted curve in bottom panel)
the field strength (nT, right-hand scale) or the field
pressure (in units of 10 -9
 N ml2 , left-hand scale). Uni-
versal times UT (in hours), and geocentric radial distances
R (in earth radii) are given at the bottom. The spacecraft
local time and GSM latitude were - 1140 hours and - +260,
respectively. The figure shows that large plasma flow speeds
are observed during each magnetopause/boundary layer en-
counter
1
It	
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Figure 3	 Inferred radial motion of the magnetopause, boundary layer,
and outer separatrix, relative to the ISEE satellite pair,
on 8 September, 1978. Several times have been marked to
facilitate comparison with Figure 2.
Figure 4
	
ISEE-1 plasma and magnetic field data for one hour on
9 August 1978. The plasma density, N  , bulk speed, V  ,
and pres::.,re P are from the 2D instruments and are shown
every 12s. Only the Vz component of the flow is from the 3D
instrument and is shown every 48s. The magnetic field is
represented in terms of its magnitude B and the two tangen-
tial components, B L and BM , in the LMN boundary normal
coordinate system (defined in the text). Universal times and
spacecraft coordinates are indicated at the bottom. The
period of interest is that between 19:34 UT and 19:53 UT
during which the satellite stayed within the magnetopause
almost continuously. The entire interval is characterized
by large flow speeds with a negative (i.e. southward
directed) Vz
 component. At 19:53 UT the spacecraft reentered
the magnetosheath, before finally crossing into the magneto-
sphere near 20:10 UT.
Figure 5	 ISEE-1 plasma and magnetic field data for magnetopause cross-
ings on 3 September 1978. The format is the same as that of
Figure 3, except that the magnetic field direction is
indicated only in terms of B  as in Figure 2. High flow
speeds, directed northward, are detected at each of the mag-
netopause and boundary layer crossings.
1.
r-60-
Figure 6	 ISEE-1 plasma and magnetic fiend data for magnetopause cross-
ings on 28 October 1978 in the same format as Figure 4. The
principal magnetopause encounter (08:21 UT to 08:23 UT) is
a succession of complete outward/inward/outward crossings,
as illustrated by the behaviour of B.. Enhanced flow speeds
are again detected.
Figure 7	 Results of the tangential component tests (Ia, b, c) for the
ISEE-1 and ISEE-2 magnetopause/boundary layer crossings on
8 September 1978. Each vector represents the ratio of the
measured change in tangential plasma velccity Ovtobs to
the change 1ov_tthl predicted form the measured change in
tangential magnetic field, according to Eq. 7. The plasma
velocity and magnetic field changes, relative to a fixed
point in the magnetosheath, were computed for each measure-
ment within the magnetopause and boundary layer, which
passed the criteria stated in the Appendix. Since the ISEE-1
and -2 crossings were quite different and ISEE-2 had a data
gap right at the magnetopause (cf. Figure 2), the vectors
for ISEE-1 and -2 do not necessarily refer to the same
relative locations. Tangential components were obtained
using a local magnetopause normal derived from minimum
variance analysis. The angles between the vectors and the
horizontal (dashed Line) indicate deviations from the
predicted directions (pvtth ) . The vectors point consistent-
ly to the right, indicating B  < 0 . Unit length of the
vectors indicates perfect agreement with the predicted
magnitude Jut thI . Absolute magnitudes range from - 200
1I
a	 61
to ~425 km s -1 . Since the theoretical direction Avtth
changes continuous'iy throughout the magnetopause crossing,	 i
i
the orientation of the vectors in this figure do not
coincide with their actual orientation in space.
figure 8
	 Result of the tangential component test for the ISEE-1
crossing on 9 August 1978. For an explanation see Figure 7
and text. The vectors point to the left, indicating B n > 00,
.absolute magnitudes of vectors range from - 100 to
290 km s-
Figure 9	 Results of the tangential component test for the remain-
ing 9 cases. The scarcity of vectors in several of the cases
is due to brief magnetopause durations (compared with the
48s resolution of the plasma velocity obtained in all low
bit rate crossings) or the rejection of substantial numbers
of measurements (see Appendix).
Figure 10	 Summary of tangential component tests for the 11 cases
studied. Each vector now represents one entire crossing and
is obtained by averaging the individual vectors shown for
the 11 cases in Figures 7, 8, and 9.
Figure 11	 Time sequence of ion energy spectra spaced 12s apart, for
the time interval 00:40 UT to 01:00 UT on 8 September 1978.
I
Count rues are in s -1 , energies in keV. Spectra were
summed over the range (~ 1800) of azimuth where the ener-
getic ions are observed (cf. Figure 12). The various
regions encountered during this interval are indicated (cf.
I
	
Figure 2). Two features are emphasized: (i) a high-energy
t
1-62- 1
(E > 5 keV) component persists well into the magnetosheath
and terminates at 00:56 UT, at the outer separatrix S; these
ions are interpreted as magnetospheric; (ii) a secondary peak
near 1 keV (marked "R") is also observed in the magnetosheath
until 00;56 UT; these ions have probably been reflected off
the magnetopause .
Figure 12	 Relief plot of two-dimensional count rate distributions in
the GSE (vx , v y ) plane for velocities up to 2500 km s 1,
measured just after the final magnetopause crossing on
8 September 1978. The plot is based on a one-minute accumula-
tion of count rates in 16 velocity and 8 azimuth channels.
The three peaks near the center represent the main magneto-
sheath plasma (1) t
 ion, (2) which have been reflected at
the magnetopause, and a small contribution of He * ions (3),
respectively. The crescent-shaped distribution at high
energies (4) is interpreted as ions of magnetospheric (ring
current) origin leaking out along reconnected field lines.
They are seen to move preferentially antiparallel to the
projected magnetic field B, as expected for a crossing north
of the X-Line (Figure lb). The abrupt outer termination of
the distribution of energetic ions reflects the high-energy
cutoff of the instrument at 40 keV.
Figure 13	 Relief plot of two-dimensional count rate distribution
measured just outside the magnetopause on 9 August 1978.
In this case the high-energy component, interpreted as ions
of magnetospheric origin, is observed to move parallel to
the magnetic field, as expected for a crossing south of the
I
C	
X-line (Figure 1b). Maximum particle velocities are
Ike	 2500 km s-1.
N
`n
Figure 14
	
View from the earth of the vectors E t/;Bn l relative to
the total magnetopause current I for the 11 magnetopause
crossings analyzed. For each crossing, the two vectors
Et/IBnI and I have been rotated, maintaining the angle
between them, until I is horizontal. E t is the tangential
electric field (in mV/m), B n the magnitude of the ,formal
field component (in nT), at the magnetopause.
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